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Abstract 1n 2014-2015, the Hikurangi Ocean Bottom Investigation of Tremor and Slow Slip experiment
deployed seafloor absolute pressure gauges and ocean bottom seismometers directly above a large slow slip
event, allowing examination of the relationship between slow slip and earthquakes in detail. Hikurangi
Ocean Bottom Investigation of Tremor and Slow Slip data were combined with nearby existing land stations
to create a catalog of microseismicity consisting of 2,300 earthquakes ranging in magnitude between 0.5 and
4.7 that is complete to magnitude 1.5, yielding almost twice as many events as detected by the onshore
networks alone. This greatly improves the seismicity catalog for this active subduction zone margin,
especially in the offshore portion that was difficult to study using only the inland permanent seismic
network. The new locations for the events within the footprint of the offshore network show that
earthquakes near the trench are systematically shallower than and NW (landward) of their locations using
only land-based stations. Our results indicate that Hikurangi seismicity is concentrated in two NE-SW bands,
one offshore beneath the outer forearc wedge, one onshore beneath the eastern Raukumara Peninsula,

and the majority of earthquakes are within the subducting Pacific plate with a smaller percent at the plate
interface. We find a 20-km wide northeast trending gap in microseismicity between the two bands and
beneath the inner forearc wedge and this gap in seismicity borders the downdip edge of a slow slip patch.

1. Introduction

The Hikurangi margin is an active subduction zone located off the east coast of New Zealand's North Island,
where the Pacific Plate subducts beneath the eastern North Island (Australian Plate; Figure 1). The Pacific
Plate converges with the eastern North Island along the Hikurangi trough at a rate of 50-60 mm/year in
the northernmost section of the margin, decreasing to approximately 20 mm/year at the southern section
(Wallace et al., 2004). This margin has experienced large magnitude earthquakes, some accompanied by
tsunamis, and tens of slow slip events (SSEs). Two tsunami earthquakes (Kanamori, 1972) occurred near
the North Island's east coast offshore of Poverty Bay and Tokomaru Bay in 1947 (Bell et al., 2014; Doser &
Webb, 2003; Figure S1 in the supporting information). Both seismic events had moment magnitudes of
~7.0 and generated tsunamis with wave heights greater than 6 and 10 m, respectively (Doser & Webb,
2003). A more recent normal faulting intraslab event (My 6.7 at 24-km depth) occurred in December 2007
offshore Gisborne (Francois-Holden et al., 2008), and several buildings were significantly damaged, three
of which collapsed.

Over the last two decades, the Hikurangi margin has been the focus of extensive research investigating SSEs.
SSEs involve transient slip lasting from days to months—at a rate much slower than earthquakes and much
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Figure 1. Tectonic setting of the Australian-Pacific plate boundary. Green square indicates the location of the Hikurangi
margin and HOBITSS experiment. Black thick lines indicate the approximate location of the plate tectonic boundaries,
and thin black lines are the active faults on New Zealand (Langridge et al., 2016).

faster than typical tectonic plate motions. The SSEs of the northern Hikurangi margin near Gisborne, New
Zealand, occur at very shallow depths (<15 km). Previous studies of these Hikurangi SSEs have investigated
slip distribution determined using Global Positioning System (GPS) and modeling (Bartlow et al., 2014;
Douglas et al., 2005; McCaffrey, 2014; McCaffrey et al., 2008; Wallace et al., 2016, 2017, 2018; Wallace,
Beavan, et al., 2012; Wallace & Beavan, 2010; Wallace & Eberhart-Phillips,2013), detection and location of tec-
tonic tremor (Kim et al., 2011; Todd et al., 2018; Todd & Schwartz, 2016), analysis of the relation of SSEs to slab
and interface seismicity (Jacobs et al., 2016; Warren-Smith, Fry, Kaneko, et al., 2018), and detailed seismic
imaging (Barker et al., 2009; Bell et al., 2010). SSEs have been observed to occur in the northern Hikurangi
margin approximately every 18 to 24 months (Wallace & Beavan, 2010). From 2002 to the present, dozens
of SSEs at the Hikurangi margin have been detected (Wallace et al., 2017; Wallace & Beavan, 2010; Wallace
& Eberhart-Phillips,2013). The best recorded episode of slow slip with moment release equivalent to a magni-
tude My, 6.8 earthquake was observed in September-October 2014 during the Hikurangi Ocean Bottom
Investigation of Tremor and Slow Slip (HOBITSS) deployment. Combining land-based continuous GPS sta-
tions together with vertical displacements from absolute pressure gauges (APGs), it was determined that this
event lasted for approximately 2-3 weeks, had an estimated maximum slip of >20 cm at a depth of approxi-
mately 9 km on the interface, and produced vertical displacement of up to 5.4 cm (Wallace et al., 2016).

These quasiperiodic SSEs have been detected in many subduction systems, most of them occurring in the
circum-Pacific Rim including Japan, Cascadia (northwestern United States), Costa Rica, southern Mexico,
Alaska, and New Zealand's North Island (Peng & Gomberg, 2010; Schwartz & Rokosky, 2007; Figure 1).
In many cases, SSEs can be associated with elevated rates of seismicity (Delahaye et al., 2009; Vallée et al.,
2013), including moderate magnitude (M,,~5-6; Wallace et al., 2017) or even higher magnitude earthquakes
such as the 2011 Tohoku megathrust event (M, 9.0-9.1; Uchida et al., 2016). Many hypotheses have been
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suggested to explain the physical mechanisms that lead to transient slow slip behavior, but there is not yet a
consensus opinion (Ando et al., 2012; Audet et al., 2009; Fagereng & Sibson, 2010; Kaproth & Marone, 2013;
Kodaira et al., 2004; Lavier et al., 2013; Liu & Rice, 2007; Segall et al., 2010; Shibazaki & Iio, 2003). Thus, the
relationship between SSEs and seismicity at the Hikurangi margin is an active topic of investigation. Several
studies show a strong linkage between microseismicity rates and shallow SSE occurrence at Hikurangi
(Bartlow et al., 2014; Delahaye et al., 2009; Wallace et al., 2017; Wallace, Beavan, et al., 2012), and others
have shown evidence for tremor concurrent with SSEs at north Hikurangi (Kim et al., 2011; Todd et al.,
2018; Todd & Schwartz, 2016). The ability to locate offshore earthquakes, important for better understanding
Hikurangi subduction zone processes, has been hampered by the lack of offshore seismic stations.

In this paper, we present an earthquake catalog for the Raukumara Peninsula region of the Hikurangi
Margin, New Zealand, developed using the data from the May 2014 to June 2015 HOBITSS experiment
(Wallace et al., 2016) in conjunction with land seismometers of the New Zealand National Seismograph
Network maintained by GeoNet (www.geonet.org.nz). We investigated the hypocentral distribution of
earthquakes on the plate boundary interface and within the subducting plate, taking advantage of a
deployment that allows us to better pinpoint where the offshore seismicity is located and then explored
the spatial and temporal variations of seismicity before, during and after the large SSE of September-
October 2014.

2. Data and Methods
2.1. Data

The HOBITSS experiment consisted of 15 ocean bottom seismometers and 24 seafloor pressure gauges
deployed in a dense array (6- to 22-km spacing) offshore Gisborne and Mahia Peninsula, New Zealand, from
May 2014 to June 2015 (Figure 2). Most of the instruments were located on the offshore outer forearc (over-
riding plate), with a few instruments seaward of the trench on the incoming Pacific Plate (Figure 2). The net-
work included ocean bottom seismometers (OBS) and APGs provided by United States and Japanese
institutions and was augmented with the permanent land seismometers operated by GeoNet (Table S1;
Petersen et al., 2011). OBS instruments included 10 broadband seismometers from Lamont Doherty Earth
Observatory (LDEO-NY, USA) with a sampling rate of 100 samples per second (sps) and five short period
seismometers from Earthquake Research Institute (Japan) with a sampling rate of 200 sps (see Table S1).
Most of the LDEO OBS instruments also had an APG and a hydrophone channel. Sample seismograms
are shown in Figure 3. The LDEO APGs and instruments with a hydrophone channel could be used for pick-
ing P waves of some of the local earthquakes with higher magnitude or hypocenters in close proximity to the
APGs. Further information on the performance and characteristics of the instruments can be found in the
supporting information.

2.2. Data Processing and Initial Locations

We compiled the land and ocean seismic waveform data in the Antelope relational database (Boulder Real
Time Technologies, Inc.—www.brtt.com) for the initial analysis. First, phase arrivals were detected and
preliminary locations were established for the period between 17 May 2014 and 21 June 2015. We used a
short-termaverage/long-term average amplitude ratio (STA/LTA) algorithm on bandpass filtered
(3-50 Hz) continuous vertical component data to detect preliminary P wave arrivals. Window lengths of
1 s for the STA and 5 s for the LTA window were used, and a STA/LTA ratio of at least 3.5 was required
to declare a detection. We then performed a grid search over possible hypocenter locations to associate
the individual detections with a potential event, requiring an association of a minimum of four detections
(stations) to declare an event. The detection and subsequent event association processes yielded 7,000 poten-
tial seismic events. Each potential event was manually inspected, P and S wave arrival times were picked
manually (only P phases when using a pressure channel or instrument), and uncertainties were assigned.
Bad associations were also removed (root-mean-square (RMS) residual higher than 1.0 or clear phase arri-
vals at fewer than four stations). Earthquake locations were determined using GENLOC (Pavlis et al.,
2004) with the iasp91 velocity model (Kennett & Engdahl, 1991) used for initial solutions. Preliminary
locations outside the study area (green box in Figure 1) were ignored. The preliminary location process
resulted in hypocenters for 2,619 earthquakes. Figure 3 shows an example of the P and S arrivals picked
in the different instruments in this experiment, for a My, 2.93 earthquake.
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Figure 2. HOBITSS and GeoNet stations used in this study. Stations in parenthesis indicate where no useful data were
recovered. Grey dashed line A-A’ to indicate cross section in Figures 8 and 10. Dark blue dashed line indicates the
main area of the 2014 SSE (50-mm slip contour). Instrument performance details are given in the supporting information.
Gray line with triangles indicates location and direction of the Hikurangi trench and subduction. OBS = ocean

bottom seismometers.

Local magnitudes (M) for the 2,619 preliminary earthquakes were determined with Antelope's dbevproc tool.
This program performs a local magnitude calculation by converting the raw data to a Wood-Anderson seismo-
graph response, measuring event amplitude, and applying an attenuation-distance correction. We compute
the largest amplitude of the S phase arrival on the horizontal components in a time window of 30 s, scale
the magnitude based on hypocentral distance following an attenuation model for New Zealand (Ristau
et al., 2016) in which the amplitude of the trace A, (in millimeters) at each station (with no station correction)
can be calculated as

10gA,(R) = 0.29—(1.27x107*)R—1.49 log(R)

(Ristau et al., 2016) where R is the hypocentral distance in kilometers. Local magnitude M;, is computed at
each station that recorded a given event and the final magnitude is the average of these values. On average
our local magnitude calculations are 0.32 units smaller than the equivalent GeoNet local magnitudes (Figure
S2). GeoNet local magnitudes have been observed to be biased upward with respect to My, by 0.34 units (Oth
& Kaiser, 2014; Ristau, 2013), which is consistent with our observations.

The largest magnitude event (M, 4.73) in our catalog occurred on 19 December 2014 and was also the largest
event reported by GeoNet (M, 4.97) during the same time period within the area of the HOBITSS array. This
event occurred at the beginning of a second large SSE (spanning from late December 2014 to early January
2015) located just to the south of the HOBITSS array. Using the interactive GISMO MATLAB toolbox
(Thompson & Reyes, 2017), we estimated a minimum magnitude of completeness (M¢) of our catalog of
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Figure 3. Example seismogram for an event recorded during HOBITSS deployment registered in short period and broadband seismometers as well as on APGs.
Seismogram for 1 February 2015 earthquake, My, 2.93. LDEO = Lamont Doherty Earth Observatory, ERI = Earthquake Research Institute.

M; 1.5, following the method of the point of maximum curvature of the frequency-magnitude distribution
for the estimated local magnitudes (Wiemer & Wyss, 2000; Figure 4). The slope of the linear Gutenberg-
Richter relation yields a b-value of 0.80 + 0.02 from the slope of the cumulative curve in Figure 4. The
global average b-value is closer to 1.0 (Stein & Wysession, 2003), though lower b-values in subduction
zone regions are not uncommon (Ghosh et al., 2008). Low b-values have been interpreted to indicate
areas of high differential stress, such as at a plate interface that is highly coupled (locked; Ghosh et al.,
2008; Oncel et al., 1996). Although the maximum curvature method has been found to underestimate the
Mc (Woessner & Wiemer, 2005), which might affect the b-value estimation, we use M¢ as a reference
point to compare with the GeoNet catalog and to extract the most reliable part of the set of earthquakes
and analyze their spatial and temporal distributions.

2.3. 1-D Velocity Model Determination

The tectonic complexity and lateral heterogeneity of the study area leads to marked differences in seismic
velocity structure, so we determined separate 1-D velocity models for the onshore and offshore areas. Full
3-D seismic velocity inversion will be the subject of a future study. Our division between onshore and off-
shore regions resulted in 1,330 events onshore with 9,732 P arrivals and 9,265 S arrivals and 1,318 events off-
shore with 8,200 P arrivals and 8,003 S arrivals. We constructed Wadati diagrams for onshore stations with
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Figure 4. Frequency-magnitude plot for all earthquakes detected in the
HOBITSS array for the entire area of study. Solid red squares mark the
cumulative Gutenberg-Richter curve for number of earthquakes with
greater magnitude M. Open black triangles mark the curve for incremental
values in 0.1 Log (M) magnitude unit bins. Inverted triangle labeled Mc
denotes the point of maximum curvature. Black dashed line shows the
resulting b value of 0.8 and the green dotted line a b value of 1.0 for

reference.

onshore seismic events and offshore stations with offshore earthquakes
and found Vp/Vs ratios of 1.75 for the NZ1D onshore and 1.76 for NZ1D
offshore (Figure 5). For comparison, Vp/Vs ratios from the 3-D study by
Eberhart-Phillips and Bannister (2015) ranged from 1.75 to 1.80 in this
area. We next built 1-D velocity models for onshore and offshore settings
(here NZ1D onshore and NZ1D offshore, respectively) using the Velest
program (Kissling et al., 1994) and utilizing the Vp/Vs values from our
Wadati diagrams as an a priori constraint for the resulting velocity model.
The Velest program simultaneously inverts for the minimum 1-D velocity
model, station correction, and hypocenter location (Kissling et al., 1994).

Velest requires a starting model that we set up for each region (onshore
and offshore). We set these initial velocity models by combining available
information from active and passive seismic experiments (Bassett et al.,
2010, 2014; Reyners et al., 2006; Scherwath et al., 2010), and local and
regional seismic tomography images (Eberhart-Phillips et al., 2010;
Haijima, 2015; Stern et al., 2010). Our initial velocity models follow those
of Bassett et al. (2010; offshore) and Stern et al. (2010; onshore) for the
crust and subducting slab velocities (Table S2). The starting models we
used were simple and represented the most important lithologic features:
sediment layer, upper and lower crust, and subduction slab crust and
mantle. Since Velest can only process a maximum of 658 earthquakes in
the simultaneous mode, we decided to use the 500 largest events from
each of the onshore and offshore preliminary earthquake locations (mag-
nitudes between 1.7 and 4.7), which provide arrivals with good quality sig-
nals. We did not allow the Velest solution to contain low velocity layers as
they have a strong effect on the raypaths and can introduce instabilities in
the inversion process. We reached the minimum 1-D velocity model by
trial and error of slight variations of faster/slower velocities and applica-

tion of different damping coefficients for the whole model and for specific layers. Our criteria to choose
our final velocity model was based on the minimum average residual and minimal RMS misfit distribution
of the 500 events used for each region. We set the base of our model to 150-km depth and below this depth we
used the iasp91 model (Kennett & Engdahl, 1991). Figure 6 and Table S2 show the starting velocity models,

30

Vp/Vs=1.75

Onshore Events / Onshore Stations

30

Offshore Events / Offshore Stations
Vp/Vs=1.76

20 30

tP-tO(s)

30

40 0 40

Figure 5. Wadati diagrams for the catalog for onshore and offshore events, separated by onshore and offshore stations.
Solid blue line is the linear regression of event-station points with a slope of (Vp/Vs —1). Dashed blue lines correspond

to the 95% confidence bounds.
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Figure 6. One-dimensional velocity models from inversion of HOBITSS and GeoNet data. Starting (input) models are described in text. EP-1D is a 1D version cen-
tered in each area of the 3-D velocity model of (Eberhart-Phillips et al., 2010).

the final minimum 1-D velocity model after Velest, and a 1-D version of each region of the 3-D velocity
model of Eberhart-Phillips et al. (2010); here named EP-1D-onshore and EP-1D-offshore for comparison
with our results. We observed that for the model NZ1D offshore, above 23-km depth (where the offshore
Moho is located) the velocities of both starting and final models are slower than EP-1D-offshore, with differ-
ences up to 1.5 km/s. The shallowest and deepest final velocity layers do not change much with respect to the
starting model. The layers that correspond to the upper crust, lower crust, and subducting slab differ from
the starting model with slightly slower, slower and faster velocities, respectively. The slower velocities of
NZ1D-offshore compared to EP-1D-offshore are expected to yield shallower hypocenter solutions than those
published by GeoNet using the Eberhart-Phillips et al. (2010) model, particularly for events shallower than
20-km depth. On the other hand, NZ1D-onshore presents in general slightly faster velocities than EP-1D-
onshore except for the shallowest layer (Figure 6). Our offshore results are broadly consistent with new
results from an offshore active source experiment in this region (Bassett et al., 2018).

2.4. Event Relocation

We used the hypocenter location algorithm Bayesloc (Myers et al., 2007, 2009) along with our locally deter-
mined velocity models from Velest to improve upon our initial hypocenters. Bayesloc uses a Bayesian hier-
archical statistical method to solve for multiple event hypocenter locations. It calculates a joint probability
distribution on the arrival data completed via the Markov Chain Monte Carlo sampling method (Myers
et al., 2007). This tool has the advantage of quantifying uncertainties, allowing us to evaluate the confidence
for each location. We relocated 2,619 events using the NZ1D-onshore and NZ1D-offshore velocity models
using the arrival table in Bayesloc. The 277 events were manually removed due to a very anomalous depth
with large residuals, and 29 outlier events were automatically removed during inversion due to mispicks
and/or travel time solutions that are outside the acceptance values for the multi-event location mode in
Bayesloc (Myers et al., 2007, 2009). Our relocation resulted in 2,313 retained events, with 535 of the events
within the HOBITSS deployment area (2014 SSE main area).

Histograms of standard deviations for hypocenter determination differentiated by offshore, onshore, and
whole catalog distributions are shown in Figure S3. Deviations for epicentral solutions (latitude and longi-
tude) present most of the deviation around 2 km with a slightly larger uncertainty for epicenters located off-
shore. Depth deviations present more differences between offshore events and the rest of the catalog. Results
also show a peak of depth deviation around 3 km for both catalogs but with a much wider uncertainty for
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Figure 7. Hypocenters determined using Bayesloc with NZ1D onshore and NZ1D offshore velocity models. Event symbol
is scaled by local magnitude size and colored by depth. Gray shaded area encloses the September—October slow slip
area. Focal mechanisms show two ~M,,, 7.0 1947 earthquakes and the M,,, 6.7 December 2007 earthquake. Black triangles
are HOBITSS and GeoNet stations. Shaded green areas surrounded by dashed lines are locations of detected seamounts.
Black dotted line encloses the area of seismicity gap.

hypocenters offshore that reach maximum deviations around 15 km. Besides the advantage of using OBSs
offshore, true depth solutions of small earthquakes are still a challenge that depends on velocity model,
seismometer array distribution and the inevitable observational uncertainties.

3. Results

An obvious advantage of our OBS deployment is enhanced event detection and location capabilities in the
offshore region and improved azimuthal coverage for coastal events. Using the 35,209 manual P and S phase
picks (17,939 and 17,270, respectively), we found almost twice as many earthquakes detected in this study
area (2,313 events) compared to the same period of time (May 2014 to June 2015) as reported by GeoNet
(1,325 events). Considering just the events located offshore in the area of the HOBITSS deployment (see inset
map in Figure 9), we found in this experiment that the number of events reported by GeoNet (373 events) is
less than half the number of offshore events found in this study (950 events). A comparison of the magni-
tudes of completeness for both data sets shows that our catalog confidently detects events above ~My, 1.5,
while GeoNet's magnitude of completeness varies from 1.8 for onshore events to 2.2 in the offshore portion
of the catalog (Table S3). This enhanced catalog aids in our understanding of seismicity in this important
area of shallow slow slip (an area that also poses a large earthquake and tsunami hazard), due to a greater
azimuthal coverage and the location of seismometers offshore overlying much of the slow slip
area (Figure 2).

Our results (Figure 7) indicate that seismicity in the 1-year interval is concentrated in two NE-SW trending
bands (parallel to slab strike), one offshore beneath the outer forearc wedge, one onshore beneath the
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Figure 8. Cross section across the Hikurangi margin for hypocenters located in a 20-km width range on each side of ver-
tical plane defined by A-A’ in Figure 7. Earthquakes are color coded by date of occurrence. Green dashed rectangles in the
time scale bar shows the September-October and the December SSEs. Red dotted line is the subduction zone plate
interface from Williams et al. (2013). Gray box over the plate interface shows the location of the September-October 2014
SSE.

eastern Raukumara Peninsula, and with a clear gap in microseismicity between the two bands beneath the
inner forearc wedge that extends throughout the subducting slab. The 20-km-wide seismicity gap is at the
downdip edge of the offshore seismicity beneath the outer forearc. A similar gap is also observed from
events in the GeoNet catalog (Figure S1). Offshore, earthquakes are mainly concentrated in the 15- to
25-km depth range, near and below the subduction zone interface proposed by Williams et al. (2013) as
well as within the subducting Pacific plate with depth increasing to the west. Onshore, the earthquakes
trend NE-SW at depths from 25 to 40 km, with several concentrated earthquake clusters, and sparser
seismicity from 40- to 80-km depth. There is no clear trend in the magnitude distribution nor in the
broader temporal distribution of the earthquakes (Figures 7 and 8).

4. Discussion

This study produces a yearlong catalog of microseismicity for the northern Hikurangi margin, including seis-
micity before, during, and after the October 2014 SSE offshore Gisborne, New Zealand. Our catalog also
encompasses the time of a second large SSE offshore Mahia Peninsula (in the southern portion of our net-
work) from approximately 18 December 2014 to 1 January 2015. A comparison of our hypocenters to those
of GeoNet reveal small differences for onshore events (typically <5 km) and significant differences for off-
shore events (differences up to 30 km; Figures 9 and S4), which is not surprising given the improved offshore
array coverage provided by the HOBITSS network as well as differences in velocity models. In the area cen-
tered on our offshore array of stations, HOBITSS hypocenters tend to relocate to the NW and shallower than
GeoNet solutions for the same earthquakes (Figures 9 and S4). This shallower trend can be partially
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explained by the lower velocities in the upper crust in our models (Figure 6) relative to the velocity model
used by GeoNet (Eberhart-Phillips et al., 2010), as well as the broader spatial distribution of our
seismometers including their close proximity to offshore events. The offshore earthquakes are outside of
the GeoNet network, and there is a well-known tradeoff between depth and origin time, explaining some
of the large differences between our hypocenters compared to GeoNet. Our hypocenters indicate that
many of the earthquakes are closer to the subduction interface (Williams et al., 2013) than the ones
reported by GeoNet for this part of the Hikurangi margin. This comparison is intended to illustrate
systematic location biases and aid in interpretation of offshore earthquake hypocenters that are
determined using only onshore stations. Thus, this offset analysis (Figures 9 and S4) may be used as an
aid in interpreting the GeoNet catalog for years when an offshore network was not available.

Contrasting physical properties of the sediments and bathymetric features on the incoming plate likely play
arole in influencing the distribution of seismicity, tremor, and SSEs observed in the Hikurangi subduction
zone. The subducting Hikurangi Plateau has rough bathymetry with seamounts exposed in the seafloor east
of the trench (Figure 2) and subducted seamounts that are imaged in seismic reflection profiles and magnetic
anomalies (Barker et al., 2018; Bell et al., 2010). The sediments overlying the Plateau comprise a 1- to 2-km-
thick sequence of turbidites and pelagic sediments, as well as likely Cretaceous age volcaniclastics and sedi-
ments at the base of the sedimentary sequence (Davy et al., 2008). Down-dip of the subducting seamounts,
high-amplitude reflectivity zones have been interpreted as tectonically eroded and underthrusted fluid-rich
sediments, up to a few kilometer thick (Bell et al., 2010). Subducted sediments can contribute to reductions
in effective stresses (increasing high pore fluid pressure), which may also play a role in stimulating SSEs
(Barker et al., 2018; Bell et al., 2010).

This microseismicity catalog can additionally reveal heterogeneities in the subducting plate, consistent with
previous observations and directly relevant to seismicity patterns. The regions down-dip of the seamounts
have been found to have high electrical conductivities (Heise et al., 2017; though they note low resolution
in the offshore region), high Vp/Vs ratios (Eberhart-Phillips & Bannister, 2015), and low ratios of shear
and compressional seismic wave attenuation (Qs/Qp < 1; Eberhart-Phillips et al., 2017). These areas have
been interpreted as regions of high fluid pressure at the plate interface, facilitating aseismic creep and
SSEs (Eberhart-Phillips et al., 2017; Eberhart-Phillips & Bannister, 2015; Heise et al., 2017; Figure 10).
Focal mechanisms in the HOBITSS area show both normal and strike-slip mechanisms (Chon et al., 2016;
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Warren-Smith, Fry, Chon, et al., 2018; Figure S1). Previous focal mechanism studies in the area have
interpreted the normal faulting events as evidence of bending stresses imposed by the flexure of the
lithosphere (Bannister et al., 1989; Webb & Anderson, 1998). Focal mechanisms in the study area from
different sources can be found in Figure S1 (Doser & Webb, 2003; Dziewonski et al., 1981; Ekstrom et al.,
2012; Francois-Holden et al., 2008; and GeoNet moment tensors). The abundant offshore intraslab
seismicity in the Hikurangi subducting crust may indicate an extensional section of the subducting slab
fractured by the bending stresses related to the downgoing plate, which could enable upward migration of
fluids to sustain elevated pore fluid pressure and potentially promote SSE occurrence as suggested by
Eberhart-Phillips and Bannister (2015). In the onshore region, the seismicity is located in the lower
continental crust, the plate interface, and the upper subducting slab (Figure 8). Beneath the onshore
region, electrically resistive patches have been interpreted as an interface shear zone with reduced fluid or
sediment content which can increase frictional coupling for this section of the interface (Heise et al.,
2017). Vp/Vs and Qs/Qp ratios show intermediate values in the region of onshore intraplate seismicity
between 15- and 40-km depth (Eberhart-Phillips et al., 2017; Eberhart-Phillips & Bannister, 2015). The
heterogeneity in geophysical observables suggests that the Hikurangi subduction, at least for this portion
of the margin, is a collection of coupled, creeping, and slow slip patches that play an important role
in defining the distribution of seismicity, tremor, and SSEs.

Our earthquake locations confirm the presence of an offshore microseismicity gap, located northeast of
Gisborne in 2014-2015 (Figures 7 and 8), also observed in the 2007-2016 GeoNet catalog (Figure S1). The
region we refer to as a microseismicity gap is a region with low microseismicity surrounded by a region of
high microseismic activity not unlike what has been referred to as a “Mogi doughnut” in the past
(Kanamori, 1981; Mogi, 1968; Shearer & Lin, 2009). This 20-km-wide gap is at the down-dip edge of the
2014 SSE, and this region also coincides with areas with low Qp/Qs and intermediate Vp/Vs (Eberhart-
Phillips et al., 2017). Some hypotheses detailed below can be proposed to explain the presence of this
plate-wide intraslab seismicity gap: (1) Interseismic locking of the interface and intraplate faults could result
in a temporary gap in microseismicity. Interplate coupling areas (or sections of interface showing high slip
deficit and elastic strain accumulation) coincide with the location of the microseismicity gap (Dimitrova
et al., 2016; Wallace et al., 2009). This coupling might be locally enhanced by a fluid- and sediment-starved
interface area that creates higher frictional conditions. (2) Another possibility is that the seismicity gap is a
consequence of spatially heterogeneous fluid transfer or changing permeability between the slab and the
upper plate (Ingebritsen, 2013; Kano et al., 2018; Kato et al., 2004). These hypotheses are not mutually
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exclusive and the pattern of seismicity observed in this margin may derive from a combination of the two
mechanisms. We favor the plate coupling hypothesis as the dominant mechanism, as this observation
offers the simplest explanation for the local lack of microseismic events. Locked plates would prevent any
displacement in internal fractures, faults, and/or in the slab interface. If this gap in microseismicity is
related to plate coupling and stress accumulation (that may be influenced by the presence of seamounts),
then this has major implications for earthquake potential at the northern Hikurangi margin (Bell et al.,
2014; Wallace et al., 2009).

We further investigated temporal variations in the seismicity patterns, particularly events in the region of the
main slow slip area of the 2014 SSE, that were larger than the magnitude of completeness (M; > 1.5),
Relative to the background seismicity, we observed a slight increase in local microearthquake seismicity last-
ing for an interval of 2 months (Figure 11). This slight increase is also visible when the up-dip, down-dip, and
SSE area subdivisions of the subducting slabs were additionally analyzed in terms of the temporal distribu-
tions (Figure S5). The start of the increase in seismicity rate coincides with the September—October 2014 SSE
and continues at a similar rate after the SSE, eventually decaying a few days after the December 2014 event.
Todd et al. (2018) and Iwasaki et al. (2017) report abundant offshore tremor activity that also peaked after the
2014 SSE. Todd et al. (2018) manually scanned HOBITSS and GeoNet data and located all events within the
network occurring in a 2 month period spanning the 2014 SSE (September and October 2014). Their catalog
for this 2 month period reveals a similar increase in seismic activity toward the end of second SSE. Some pre-
vious SSEs (such as the 2004 and 2010 Gisborne SSEs) have produced a clearer increase in seismicity rate
changes during north Hikurangi SSEs (Delahaye et al., 2009; Jacobs et al., 2016; Todd & Schwartz, 2016).
Similar patterns of microearthquake seismicity relative to the 2014 SSE have been observed in southern
Mexico, where an increase in rates of seismicity occurred during an SSE that preceded the 2012 Mw 7.4
Ometepec earthquake (Colella et al., 2017). La Plata Island (Ecuador) SSEs also have shallow SSEs (10- to
15-km depth), similar to north Hikurangi; a sharp increase in local seismicity has been observed during a
2010 SSE in the Central Ecuador Subduction zone (Vallée et al., 2013). However, other shallow slow slip
examples in Costa Rica and Nankai, Japan, show different patterns of seismicity from the one described
in this study. The Costa Rica SSEs are found to be well correlated in time with seismic tremor despite not
being correlated in space, with no detectable increase in microearthquake seismicity (Outerbridge et al.,
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2010). Also contrary to the 2014 SSE, the 2013 SSE in the Nankai region observed with ocean bottom
network of pressure recorders, exhibited a synchronous decrease in seismicity rate suggesting a close
relationship between seismicity and SSEs (Suzuki et al., 2016). The Hikurangi margin SSEs have shown
overlapping increases of seismicity and tremor activity during SSEs. However, other SSE regions present
different patterns, suggesting that relationships of seismicity with SSEs may vary with specific subduction
zone conditions.

The major seismological features that we observe and interpret for this part of the Hikurangi margin are illu-
strated in Figure 10. The spatial coincidence of the subducted seamounts, intense fracturing from bending
stresses generating earthquakes from normal faults (acting as fluid pathways), and underthrusting of a thick
pile of fluid-rich sediments are proposed to increase pore fluid pressure and potentially promote the onset of
SSEs. The microseismicity gap is located at the downdip edge of the September-October 2014 SSE, and we
suggest that it is related to a locked patch of the interface as indicated by the plate coupling results from geo-
detic modeling (Wallace, Barnes, et al., 2012). We observe a subtle temporal variation in seismicity coincid-
ing and extending a few weeks beyond the 2014 SSE. Other researchers are further examining the temporal
aspects of seismicity with enhanced catalogs focused on the slow slip region (e.g., Shaddox & Schwartz, 2019;
Warren-Smith, Fry, Chon, et al., 2018).

5. Conclusions

We created a catalog of 2,313 earthquakes on and offshore Gisborne, North Island, New Zealand using ocean
bottom seismometers from the 2014-2015 HOBITSS experiment and onland seismometer stations from
GeoNet. The majority of earthquake hypocenters are located in the subducting Pacific plate and on the inter-
face where the offshore SSEs occur. A small increase in seismicity is observed during the onset of the
September—October 2014 SSE and continues to increase following the event for a few months, and tails off
a month or two after a second SSE in the region in December 2014. Our seismicity locations also reveals a
~20-km-wide seismicity gap trending NE located just down-dip of the north Hikurangi slow slip area that
exhibited aseismic creep in the September-October 2014 event. This gap in seismicity is persistent through-
out the slab. The region of low microseismicity also coincides with a region of elevated and moderate inter-
seismic coupling as determined from GPS (Wallace, Barnes, et al., 2012; Figure S6), suggesting the possibility
that the gap in seismicity is a consequence of interseismic coupling on the plate boundary. Our interpreta-
tion also proposes that bending stress-generated faults hosting abundant offshore seismicity within the sub-
ducting plate enable the upward migration of fluids, increasing the pore fluid pressure on the interface above
and creating optimal conditions for occurrence of SSEs.
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